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Abstract
Introduction:  The purpose is analyze the biological and cellular regeneration of non-repairable lesions of 
peripheral nerve by muscle graft enhanced with growth factors.
Methods: Controlled clinical experimental trial, level I evidence. Critical peripheral nerve injuries repair through 
acellular muscle graft alone versus its enrichment with IGF-1 (10 mg/ml mecasermin). Clinical and functional control 
for 3 months. Animals were sacrificed at 90-100 days, obtaining samples for macro and microscopy with blue 
toluidine staining, hematoxylin-eosin and Masson trichrome.
Results: Regenerating axons can pass through a defect length of 15 mm with the addition of an acellular 
skeletal muscle graft and repopulate the distal nerve. Basal lamina tubes, acting as matrices for the axonal growth, 
appears that sensory recovery exceeds the rate of motor nerve fibers growth. Finding a number of regenerating 
axons greater than healthy sciatic, ensures the functional connection of distal axons to their target innervation. In 
contrast, grafts myelinated fibers are smaller than those of healthy sciatic nerve.
Discussion: Acellular muscle fibers basal lamina define tubes that could support axonal regeneration, acting as 
matrices for the growth of axons, when grafted into a nerve defect. Stereologic studies biological sections to quantify 
the increase in the total number of axons, the density thereof and the thickness of the myelin from microscopic 
examination of histological slices of animals treated with the growth factor IGF-1.
Keywords: Cellular repair; Biological regeneration; Critical tissue 
defect in peripheral nerve; Muscle grafts; Growth factors
Introduction
Peripheral nerve injuries represent a major cause of morbidity and 
disability, and generate high economic costs, especially those associated 
with significant loss of nerve tissue, causing irreparable defects by end-
to-end suture. The purpose of a nerve graft procedure is to substitute 
a defect in a severed nerve trunk to allow regeneration of a maximal 
number of regenerated nerve fibers to their target organs. Millesi et al., 
[1] obtained successful results by using autografts of the sural nerve, a 
technique that became the gold standard, but the limited availability of 
nerve tissue, the incomplete obtained functional recovery and problems 
with the donor, have motivated the search of other alternatives.
A large number of studies have been undertaken to develop 
alternatives and to improve results. Keynes et al. [2], discovered that 
the basement membrane of the muscle cells was useful as a way for 
the growth of regenerating axons, through the basal lamina. Glasby et 
al. [3] obtained a useful step of axons through endomysium channels, 
as they are similar to those of endoneurium. Pereira et al. [4] began 
their studies on denatured muscle graft substitute for mycobacterial 
granulomatous lesions in peripheral nerves of leprosy. Brunelli et al. 
[5] developed an experimental model in rats with a vein graft filled 
with fresh skeletal muscle, leading to similar results as the traditional 
nerve grafts. DeFranzo et al. [6] examined the use of freeze-thawed 
muscle and nerve graft in rats, analyzing histologically the density of 
axons and myelination. Whitworth et al. [7] incorporated a deposit of 
Schwann cells and other essential components in a nerve conduit, with 
a marked positive effect on axonal regeneration. Martín Ferrero et al. 
[8] used freeze dried denatured skeletal muscle, with passage of axons 
to the distal segment in more than 60% of oligofascicular and more 
than 45% in the polyfascicular nerve. Battiston et al., [9,10] described 
how the muscle fibers represents a good support for advancing axons 
through adhesion molecules present in the basal lamina of muscle 
fibers increasing neurite extension.
Scherman et al. [11] demonstrated that axons and Schwann cells 
grew more rapidly in the chemically acellular muscle grafts than in 
freezing-thawing used for denaturation.
Other substances could promote regeneration of nerve tissue, 
such as nerve growth factor (NGF), epidermal growth factor (EGF) 
and platelet-derived growth factors (PDGF). Yu et al. [12] looked at 
the histological effect of NGF treated acellular grafts, revealing an 
axonal diameter, total number and thickness of myelin better after 
NGF treatment than in nerves repaired with acellular grafts alone and 
acellular grafts with fibrin sealant.
The historical scientific development has granted a previously 
undiscovered role to insulin-like growth factors in peripheral nerve 
regeneration, to detect the presence of receptors for IGF, located in 
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the growing points and along the axis of the axons [13]. Local infusion 
of IGF-I has been shown to increase the distance of regeneration of 
sensory axons injured rat sciatic nerves [14,15].
The aim of our study is analyze the best method of muscle grafts 
denaturation, trying to understand whether the local infusion of 
insulin-like growth factors (IGF-1) improve axonal regeneration.
Material and Methods
This study is a controlled experimental study, level I evidence. In 
twenty male Wistar rats (average weight 278 g), a critical defect of 15 
mm was created in the sciatic nerve, which was bridged by an acellular 
muscle graft. In 10 of the animals the entire protocol was used but also, 
adding growth factors to their grafts. All muscle grafts were obtained 
from the gluteus medius muscle of two donor rats. Special detail was 
given to the section of the grafts along the longitudinal axis of the 
muscle, not to interrupt the histological structure of the endomysium 
tubes.
The chemically cellular extraction protocol consisted of 7 h in 
distilled water changed three times every 2-3 h, one night in Triton 
detergent, and 24 h in deoxycholate [16].
After intraperitoneal preoperative anesthesia, and by posterolateral 
approach, the sciatic nerve was exposed from its output below the 
piriformis muscle up to the most distal possible level to always see its 
terminal division in the tibial and peroneal branches (Figure 1). After 
location of the trunk, the nerve was transected generating a 15 mm 
defect. An acellular muscle block was added, where the epimisium-
epinerium were sutured with polypropylene 7/0 at each end (Figure 
2). Within half of the grafts, we injected 2 ml of Increlex® (10 mg/ml 
mecasermin), thereby providing the IGF-1 factors. Sutures were sealed 
with fibrin (Tissucol®, Baxter, Valencia, Spain).
When they woke up, two of them were together in a cage because of 
their gregarious way of life. The carried an Elizabethan collar to avoid 
autophagy. Antibiotics were given: Calimicina® LA (oxytetracycline) 
at doses of 60 mg per kg of weight to repeat at 72 h, by interscapular 
subcutaneous injection, according to veterinary guidelines. And 
analgesia: Ibuprofen in the drinking water.
Rats were sacrificed at 90-100 days post-surgery (body-weight of 
450-500 g). Same surgical approach was repeated dissecting segment 
sciatic nerve including muscle graft, performing in a second time, a 
post-fixation of samples for 4 h at 40°C, to prevent cell shrinkage in 
paraformaldehyde solution (4% w/v, 4 g of solute are dissolved in 100 
ml of solution) in 0.1 Molarity phosphate buffer (pH=7.4). Samples 
were obtained for macro and microscopic preparations. The explanted 
pieces of sciatic nerve with grafts were carved and cut into seven pieces, 
all different from each other in cross sections and size, but equally in 
all animals; pieces were processed in resin (toluidine blue staining) and 
also for paraffin embedding: hematoxylin-eosin and Masson trichrome.
For the histomorphometric study, myelinated axons were counted 
in cross sections, manually. Results were analyzed statistically using 
SPSS version 20.0 for Windows; comparisons were made with two-way 
ANOVA. The lower differences at p<0.05 were considered statistically 
significant.
Results
Macroscopically, a bead yellowish, tubular structure, filled the gap 
between the two sutures of the graft (Figure 3).
Microscopically, proximal ends appeared as a normal nerve, with 
proper, regular and orderly fascicular distribution, perfectly defined 
by its three wraps, with little connective tissue; symmetry of the axon 
density, coverage regularly by myelin sheath dependent on Schwann 
cells. In the case group, animals that were treated with IGF-1 inside the 
graft, these pieces showed perhaps a more even regular distribution in 
some of them.Figure 1: Sciatic nerve dissection by postero-lateral approach.
Figure 2: Denatured autologous muscle graft as a bridge of critical defect in 
the rat sciatic nerve (intraoperative image).
Figure 3: Anatomical piece extraction, including sciatic nerve stumps and 
graft.
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At the graft, regenerated axons used the muscle as a bridge, with 
many small nerve fascicles separated by host tissue and plenty of blood 
vessels. Axons followed their basal lamina, defining small fascicles 
with large vessels and abundant connective tissue. Nerve fibers are 
abundant in nerve treated with growth factor, occupying almost all the 
cut surface, more densely packed (Figure 4). In two cases, nerve fiber 
bundles penetrate, not very deep, between acellular muscle fibers.
At the distal end, untreated controls don´t show a clear fascicular 
division. There was little connective tissue between the fibers and 
the epineurium was quite developed. The untidiness may be justified 
because the fibers are still looking for its way. The IGF-1 cases 
showed the presence of a number of small fascicles with myelinated 
axons, which colonize the distal stump. In this region, they showed a 
normal mature nerve structure with well-developed epineurium and 
perineurium moderate and endoneurium.
There were a short number of myelinated fibers with a smaller 
diameter and more irregular arrangements in the untreated group. 
The comparison of the total number of axons and density of axons per 
field speaks for enhancing the results by adding the concentrated IGF-1 
(14.8% greater recovery of the axon number by comparing proximal 
and distal sections; 10.49% comparing density of axons). We found a 
statistically significant difference in myelin thickness at the graft and 
the distal stump between both groups (Figure 5).
Ultrastructurally by electron microscope, no significant differences 
were detected between sections at the graft and distal end, in either 
group of study. But the histological analysis, let us discover the 
presence of unmyelinated fibers with their common features: wrappers 
of Schwann cell cytoplasm surrounding the beams of nerve fibers, but 
without creating any myelin sheath.
Discussion
Peripheral nerve injuries represent one major cause of morbidity 
and disability in affected patients and generate high economic costs. 
Their repair is a challenge for current research, and by the need to 
discover economic and biologically feasible techniques. The results 
have to match the classical autologous nerve.
With this study, we have tried to advance in search of different ways 
to present the muscle graft as a bridge in the critically injured nerve, 
and the options available for us to enrich it biologically, supporting our 
project in the current experiments with growth factors.
Quantitative estimation of the morphology of the nerve fiber 
(especially myelinated) is, together with the functional evaluation, a key 
research tool in nerve regeneration [17,18].
Although the number and density of nerve fibers are indicators 
used in nerve regeneration, both parameters should be interpreted 
with caution. In fact, a significant number of regenerated nerve fibers 
may not only indicate a good feedback, but also the finding of an 
aberrant bud (in this case the evaluation of the size of the fiber can 
provide additional information). This is the interpretation offered by 
some authors to the absence of correlation between the total number 
of myelinated axons and functional parameters (studies of muscle 
contraction, nerve conduction and mobility of extremities) detected in 
their researchs (Varejão et al.; Ahmed; Pfister et al.) [19-21].
In our investigation, comparing the number of axons and their 
density on the three main histological slices, we detected values 
described in the literature as significant of regeneration and quite 
similar between the two groups. The total number of axons in the group 
of rats treated with IGF -1 is higher: 11.59% in the distal stump and 
5.84% within the graft, but not in the proximal one, 3.2% less, even 
though the result is not statistically significant. At this level, axons per 
field were similar, their difference of 5 axons/field in favor of the control 
group was not significant. Perhaps would become more important if we 
look at the size of the slice in the control group, which was slightly lower. 
The data published in the literature not reach statistically significant 
differences in total number of axons calculation [22-24].
Our findings about the higher density of axons in the IGF-1 group, 
are comparable to others published, although the difference was not 
statistically significant in those researches [25,26]. But they are different 
to those papers which reach lower density than in the control group.
Quantitative evaluation of tissues and organs on histological 
sections has been the subject of heated scientific debate in recent 
years. Particularly, the emergence of a new approach to address the 
bias of the morphometric analysis, represented a significant advance in 
Neuromorphology [27-30].
Figure 4: Development of nervous structure with regeneration signs and 
abundant perineural connective tissue to the left, resting on a block of muscle. 
Masson trichrome stain, magnified 5 times.
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Figure 5: Graphic distribution of myelin thickness in control and case groups.
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The analysis of the myelin thickness and its comparison between 
the two groups is difficult, because dimensions of these structures are 
very small to be measured exactly and it would be easy to skew the data, 
obtaining a misleading result. As the axon counting and the density 
of axons were calculated manually, histomorphometric measures 
didn’t regard computer method. This could also increase the bias of the 
measurement. The observed results confirm us the empowerment of 
histological data in the IGF -1 -treated group, an increase is found in 
the three analyzed sections, which is also progressive, proximal to distal 
(2.99% thicker in the group of cases in the proximal stump; 16.07% at 
the graft, and an increase of 28.31% in the distal end). An improvement 
in the myelin thickness at the graft and in the distal stump, are 
statistically significant. It is difficult to compare with those published 
in the literature, because usual articles that describe the influence of 
growth factors on the myelin thickness, support our conclusion, but not 
quantified this improvement [31,32].
Extrapolation of the histomorphometric parameters can lead to a 
misinterpretation on functional recovery [33]. Stereological studies, 
that measure the total number of axons and myelin thickness, don’t 
allow discover if the axon reaches its appropriate target or organ [34]. In 
multiple studies, the number of myelinated axons doesn’t correlate with 
functional parameters (such as muscle contraction or the mobility of 
limbs, quantifiable by plantar footprint analysis or walking videos) nor 
nerve conduction studies (Ahmed MR, 2005). The finding of poorer 
functional data than satisfactory histomorphometric data may be due 
to the mismatch of axons to reinnervate the target organ [19].
Clinical reports, which try to correlate the results of quantifiable 
measures, both histological and functional, become interesting for the 
study design, because they underscore the need to consider the different 
aspects of nerve regeneration, to reach all the miscellaneous parameters 
we possess to be able to compare them, and reject those that may prove 
erroneous outcomes.
Conclusions
In a critical peripheral nerve injury, allogenic acellular muscle graft 
provides a bridge tool for the advancement of the regenerating axons, 
perhaps due to the structural proximity of laminin to nerve sheaths. 
With the use of growth factors we achieved more satisfactory results.
Stereologic studies quantify the increase in the total number of 
axons, the density thereof and in the thickness of the myelin sheath, 
when we analyze microscopically the histological specimens from 
animals treated with the growth factor IGF-1. This histomorphometric 
improvement is correlated with clinical and functional findings.
Applying a concentrate of insulin-like growth factors enhances the 
results obtained in the control group. Peripheral nerve regeneration 
requires a complex interaction between cells, extracellular matrix 
and growth factors. The local presence of growth factors plays a role 
in controlling survival, migration, proliferation, and differentiation of 
various cell types involved in nerve regeneration.
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